We show both numerically and experimentally that intense, narrow, and low-divergence beams of light are produced at the apex of dielectric pyramid-shaped microtips. These beams exhibit a Bessel transverse profile but are narrower than the usual Bessel beam, allowing for a significant enhancement of the light intensity inside the beam. They are generated by axicon-like structures with submicrometric height imprinted in glass by combining optical lithography and chemical etching. In this Letter, we design and characterize submicrometric glass axicons and show they are able to produce intense Bessel-like beams. The axicons are pyramidshaped tips with submicrometric height (about 400 nm). We will show that the resulting beam has a Bessel transverse profile but is narrower and more intense than the usual Bessel beam. We realize such submicrometric axicon tips in a parallel way by combining optical lithography and wet chemical etching. We obtain regular arrays of microtips, whose dimensions allow for the generation of intense Bessel-like beams in the visible range. Then, we perform an experimental characterization of the beam, using a slide covered of fluorescent quantum dots as a probe. We are thus able to reconstruct the threedimensional (3D) beam shape, in remarkable agreement with numerical predictions.
Micrometric and submicrometric dielectric structures can be used as optical elements to shape an incoming plane wave into a light beam with interesting properties. For instance, lenses with a cylindrical revolution, also known as axicons, are able to focus light into a plane rather than a single point [1, 2] . Axicon lenses have now been downscaled at micrometer sizes as axial-symmetry diffractive elements [3] . These optical elements produce Bessel beams, i.e., beams exhibiting a Bessel transverse profile and able to propagate over long distances without suffering from significant diffraction (Bessel beams are also known as nondiffracting beams). Bessel beams are of interest for optical lithography [4] or optical manipulation [5] .
In this Letter, we design and characterize submicrometric glass axicons and show they are able to produce intense Bessel-like beams. The axicons are pyramidshaped tips with submicrometric height (about 400 nm). We will show that the resulting beam has a Bessel transverse profile but is narrower and more intense than the usual Bessel beam. We realize such submicrometric axicon tips in a parallel way by combining optical lithography and wet chemical etching. We obtain regular arrays of microtips, whose dimensions allow for the generation of intense Bessel-like beams in the visible range. Then, we perform an experimental characterization of the beam, using a slide covered of fluorescent quantum dots as a probe. We are thus able to reconstruct the threedimensional (3D) beam shape, in remarkable agreement with numerical predictions.
Microtip arrays are imprinted in glass using the following method [6] . First, the glass surface is spuncoated by a commercial photoresist (S1813 photoresist, thickness 1.1 μm), and the sample is baked at 115°C during 90 s to evaporate the residual solvent and relax residual stress. The sample is then irradiated by a holographic pattern created through the interference of two beams. The period of the pattern is tunable between 1 and 10 μm. Typically, a period of about 4 μm is chosen. The beam used is the 458 nm line of an argon laser with a power of 3.5 mW, and the irradiation time is 150 s. Then, the sample is rotated by 90°and irradiated under the same conditions in order to obtain a square pattern. The positive resist is then developed resulting in a hole array. The last step is a chemical etching: the isotropic etching is carried out using a buffered hydrofluoric acid solution. Finally, the sample is rinsed with deionized water, and the remaining photoresist is removed with acetone. An atomic force microscope (AFM) image of a representative tip array is presented in Fig. 1(a) . The array is remarkably regular, and the image evidences sharp tips with a square basis. The average tip height is 400 30 nm, and the average tip half-angle measured at the apex is 75 1°.
The optical properties of the microtips have first been computed with a two-dimensional (2D) FDTD algorithm [7] , using the geometrical parameters given by AFM characterization. The tip is illuminated from the glass side with a linearly polarized plane wave. The substrate refractive index is taken as glass (n 1.5), and the exit medium is air (n 1). In Fig. 1(b) is plotted the normalized electric field intensity around the structure for an illuminating wavelength λ 405 nm. A narrow, lowdivergence beam of light is clearly seen emerging from the tip apex. The beam exhibits the following characteristics: (i) it is narrow (FWHM ≃ 580 nm [see Fig. 1(c) )], (ii) the small beam diameter is maintained over several micrometers of propagation, (iii) the beam transverse profile can be nicely fitted with a zero-order Bessel function Ir AJ 2 0 kr [ Fig. 1(c) ], and (iv) the intensity inside the beam is also significantly enhanced (up to fourfold) with respect to the incoming intensity. We also note that it is a nonresonant phenomenon since the beam exists for a broad range of illuminating wavelengths. However, the beam diameter changes with the illuminating wavelength. Our numerical simulations (not shown here) have demonstrated that, in the visible domain, the diameter at beam waist roughly follows a linear law:
This can be explained as follows. The fit coefficient k 3.49 μm −1 allows to retrieve the value of the microtip numerical aperture since k 2πNA∕λ, yielding NA 0.22. According to [3, 4] , the smallest focal spot that can be produced by our axicon-like structure is FWHM 0.36λ∕NA 1.6λ, in agreement with Eq. 1. The beam propagates over a distance of roughly 17 μm before dramatically enlarging. The propagation-invariant range, defined by analogy with the Rayleigh range of a Gaussian beam as the distance where the beam diameter has been multiplied by 2 p , is found to be z R 5.5 μm. A Gaussian beam with the same transverse extension would exhibit a Rayleigh range of only 900 nm.
In order to experimentally evidence the beam arising from the microtip, we have imaged the field intensity near the tip using quantum dots (QDs) as fluorescent probes. Light beams produced by micro-optical elements have already been imaged using either classical microscopy [8] , confocal microscopy [9] , or near-field microscopy [3] . Here we use a different approach, as depicted in Fig. 2(a) . The core of our imaging process is a glass slide covered with a monolayer of fluorescent QDs (from Sigma Aldrich, emission wavelength 580 nm). The QDs are grafted onto the glass substrate using a mercaptosilane as described elsewhere [10] . This slide is maintained in the focal plane of a microscope objective lens (Olympus UPlanFl 40×, NA 0.75) using a specially designed optomechanical element. Then, the ensemble objective QD layer is approached toward the microtip array using a piezoelectric translation stage. The microtips are illuminated from below with an unfocused laser diode at λ 405 nm, and the transmitted light excites QDs fluorescence that is collected through the objective lens and a fluorescence filter. A beam splitter finally sends the fluorescence light on a CCD camera (for widefield imaging) and on an optical fiber connected to a spectrometer. The optical fiber core acts as a confocal filter and allows us to record fluorescence spectra on selected regions of the sample. This imaging setup has a lateral resolution given by the collection lens (λ∕2NA 330 nm), but its axial resolution is much higher since in principle it is limited only by the thickness of the QD layer and the quality of optomechanical elements (sample holder and piezo stage). Figure 2 (b) shows a typical wide-field fluorescence image of the microtip array. Bright dots can be seen, each one corresponding to the location of a microtip. A sample fluorescence spectrum taken at one of the dot's position is also presented in Fig. 2(b) : the QDs' fluorescence on the microtip is clearly enhanced with respect to the reference spectrum. The intensity and size of the bright dots (and thus the fluorescence enhancement factor) varies when approaching the surface (see insets in Fig. 3 ). Such 2D fluorescence images were recorded at different QD-covered slide-microtip distance, with a 400 nm step, and the resulting image stack was assembled in a 3D image. The result (after background subtraction) is presented in Fig. 3(a) . A FDTD computation, taking into account the measured tip profile, is also presented on the same color scale for direct comparison [ Fig. 3(b) ]. It should be noted that the measured value of the fluorescence enhancement is directly related to the local electric field intensity. In general, the fluorescence enhancement of a given quantum emitter depends on the local intensity enhancement as well as on modifications of the emission properties (quantum yield and radiation pattern) [11] . However, in our case the latter can be safely neglected since the QDs' direct environment is not significantly modified. Hence, the measured fluorescence enhancement is simply equal to the local field intensity enhancement, making possible a direct quantitative comparison between the experimental fluorescence image and the computed optical intensity. This comparison is presented in Fig. 3(c) , which is a vertical line cut of the experimental and theoretical images along the beam center. A remarkable quantitative agreement is found, with a local intensity enhancement factor of the order of 2.5-3 (with respect to the fluorescence signal collected in the absence of a microtip). We hence show that our microtip is able to generate intense Bessel-like beams, thanks to tight focusing of the beam. With our simple structure, we are thus able to obtain intense Bessel-like beams approaching the performance of more complex micro-optical elements like binary microaxicons [3] .
The larger period oscillations that can be seen in Fig. 3(c) are attributed to interferences between the beams emerging from neighboring tips. This effect was investigated by FDTD computations with different boundary conditions and will be presented in a forthcoming paper. However, in the first ten micrometers above the tip apex, the beam axial profile and its invariantpropagation length remain similar either for a single tip or a tip array. Therefore, under wide illumination the microstructured substrate generates a dense array of Bessel-like beams-which is promising for applications such as massively parallel reading of optically stored data.
In conclusion, we have demonstrated that narrow, intense, and low-divergence beams of light can be generated by dielectric microtips, acting as axicons with submicrometric height. The practical realization of this concept has been implemented by imprinting arrays of microtips in a glass substrate. The experimental reconstruction of the Bessel-like beam shows a nice quantitative agreement with numerical predictions. Potential applications include optical data storage, sensing, or realization of hybrid optical antennas.
